Resting diabetic patients may have excessively rapid heart rates, reduced heart rate variability, and subnormal plasma catecholamine levels. Although all of these abnormalities may relate in some way to baroreceptor reflex function, there have been surprisingly few attempts to evaluate systematically baroreflex mechanisms in diabetic patients. Accordingly, we studied autonomic responses over a range of pharmacologically induced arterial pressure changes in 10 unselected young adult insulindependent diabetic patients who had no symptoms of autonomic neuropathy, and 12 age-matched nondiabetic subjects. Sympathetic responses were estimated from antecubital vein plasma norepinephrine levels, and parasympathetic responses were estimated from electrocardiographic R-R intervals and their variability (standard deviation). Both were correlated with other noninvasive indexes of peripheral and central nervous system function. Multiple derangements of baroreflex function were found in the diabetic patients studied. Sympathetic abnormalities included subnormal baseline norepinephrine levels, virtual absence of changes of norepinephrine levels during changes of arterial pressure, and supranormal pressor responses to phenylephrine infusions. Parasympathetic abnormalities included subnormal baseline standard deviations of R-R intervals, and R-R interval prolongations during elevations ofarterial pressure which were unmistakably present, but subnormal. Our data suggest that in diabetic patients, subnormal baseline plasma norepinephrine levels may signify profound, possibly structural defects of sympathetic pathways. Subnormal resting levels of respiratory sinus arrhythmia may have different implications, however, since vagal, unlike sympathetic reflex abnormalities, can be reversed partly by arterial pressure elevations.
Introduction
Subtle or profound abnormalities of autonomic cardiovascular control are found in substantial numbers of diabetic patients (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . In this population, resting tachycardia and subnormal heart rate variability point towards vagal neuropathy (1, 2, 4-6, 10, 1 1), and subnormal plasma catecholamine levels point towards sympathetic neuropathy (3, 5, 7) . Published surveys of autonomic function in diabetic patients tend to focus upon baseline measurements; there have been surprisingly few attempts to determine how these measurements change in response to changes of autonomic input. Accordingly, we studied autonomic function in healthy, young adult nondiabetic volunteers and age-matched, unselected diabetic patients who had no symptoms of autonomic dysfunction. We estimated sympathetic responses from antecubital vein plasma norepinephrine levels (13, 14) and parasympathetic responses from R-R intervals and standard deviations of R-R intervals (15, 16) , over a range of arterial pressures provoked by stepwise infusions ofnitroprusside or phenylephrine. Our findings suggest that sympathetic and vagal abnormalities occur commonly in young diabetic patients, and that these abnormalities may have important pathophysiologic differences.
Methods
Subjects. All volunteers gave written consent to participate in the research. Nondiabetic subjects comprised seven women and five men whose average age was 26 (range, 21-34) yr. They were healthy, normotensive, and on no medications. Diabetic patients comprised seven women and three men whose average age was 28 (range, 20-36) yr. These patients had had diabetes for an average of I I (range, 5-17) yr and were treated with insulin (average dose, 45 [range, ] U/d). Patients were recruited from local private, Veterans hospital, and university practices. The only criteria used in their selection were that they be below 37 yr of age and insulin-dependent. Diabetic patients were studied on their usual diets. All studies were begun in the early afternoon after subjects had eaten lunch. Six patients were treated with insulin in divided doses; in these patients, studies were begun 4-5 h after the first dose, before the second dose was given. Diabetic patients were comparable to control subjects in age, height, and weight. No diabetic patient was obese.
Some clinical characteristics ofthe diabetic patients are given in Table  I . Several patients had apparent complications of diabetes (including absent knee or ankle jerks, six patients; proteinuria, one patient; retinopathy, three patients; and absent dorsal pedal or posterior tibial pulses, six patients). One (17) and modified by Althaus and co-workers (18) . Blood samples were drawn through indwelling antecubital vein needles into chilled tubes containing disodium ethylenediamine tetra-acetate and reduced glutathione. These tubes were placed on ice for 10 min or less, and centrifuged at 2,000 rpm and 4VC, for 10 min. Plasma was then separated and stored at -70'C for 2-17 wk until analyses were performed. All norepinephrine assays were begun and completed within one 4-wk period. In our laboratory, this method detects norepinephrine levels as low as 10 pg/ml, with a coefficient of variation of 5.6%. Hemoglobin Al levels were measured spectrophotometrically with a commercial kit (Quik-Sep; Isolab, Inc., Akron, OH) based on a method developed by Schroeder and co-workers (19) . This measurement provides a reliable indication of the long-term quality of diabetic control (20) .
Electrophysiologic techniques. The electrophysiologic techniques we used are standard (21) . Hearing was normal in all diabetic patients studied. Brain stem auditory-evoked potentials were elicited with 10/s condensation phase clicks presented to the right ear via earphones. Electroencephalographic potentials were recorded between the vertex and the right mastoid process. An ear clip electrode was used as ground.
Somatosensory-evoked potentials were elicited with 3/s, 0.5 ms constant current shocks delivered transcutaneously over the median nerve at the wrist. Shock intensity was set to produce thumb twitches without discomfort. The anode was placed '-2 cm distal to the cathode, and the ground was placed midway between the elbow and the wrist on the volar surface. Potentials were recorded between electrodes placed parasagitally, Protocol. After the protocol was explained, the volunteer was fitted with electrocardiogram electrodes, respiration monitor, and bilateral antecubital vein butterfly needles. The subject was isolated from investigators and recording equipment by a curtain. There was no talking during experiments. R-R intervals and their standard deviations were calculated during two 4-min periods every 10 min; only measurements obtained during the second 4-min period are reported. Arterial pressure was measured every 2 min; the pressures reported are the averages ofthe last two pressures during the second 4-min period. In two healthy subjects and one diabetic patient, sinus arrest occurred during phenylephrine infusions. In these subjects, periods ofmeasurement ofR-R intervals were shortened to include only the period of sinus rhythm before the onset of sinus arrest. In the two nondiabetic subjects, five periods ofmeasurement were less than 4 min, and averaged 126 and 62 s. In the diabetic patient, seven periods of measurement were less than 4 min; these averaged 121 s. Blood samples were drawn at the end of each 10-min period.
Experiments began with a 30-min rest period during which normal saline was infused at a rate of 100 ,ul/min. In all volunteers, measurements of arterial pressure were highly reproducible; for example, in nondiabetic subjects, the last six systolic pressures measured during the first saline infusion averaged 115±4, 116±3, 115±2, 114±2, 115±3, and 114±2 mmHg.
Average R-R intervals and standard deviations of R-R intervals for all subjects are shown in Fig. 1 , and are given in Table  II . Average baseline R-R intervals were insignificantly higher in nondiabetic than diabetic subjects (0.950±0.046 vs. 0.870±0.051 s, P = 0.065). Average baseline standard deviations of R-R intervals (measures that appear to correlate well with levels of efferent vagal-cardiac nerve traffic [15, 16, 24] ) were significantly higher in nondiabetic than diabetic subjects (0.068±0.005 vs. 0.048±0.010 s, P = 0.010). Six diabetic patients had average control standard deviations of R-R intervals below the lowest value obtained from nondiabetic subjects.
Mean peak-valley heart rate changes during single deep breaths, a measure used by others (10) to diagnose disordered vagal-cardiac control in diabetic patients, also were significantly different in nondiabetic and diabetic subjects (Table II) . Average sighs were insignificantly smaller in nondiabetic than diabetic subjects (1.90±0.30 vs. 2.50±0. 35 1, P = 0.145, two-tailed test), but average peak-valley changes of heart rate were significantly larger (26±3 vs. 14±3 beats/min, P = 0.005). The average heart rate change during deep breaths in diabetic patients was influenced importantly by a change of 34 beats/min that occurred in one diabetic patient. Baseline respiratory rates and depths were comparable in nondiabetic and diabetic volunteers. The average change of mean blood pressure after 3 min of standing (in nine diabetic patients) was -0.4 (range, 9 to -7) mmHg. No patient experienced orthostatic symptoms during standing.
Average baseline antecubital vein plasma norepinephrine levels for all subjects are shown in Fig. 2 and are given in Table  II . In nondiabetic subjects, plasma norepinephrine averaged 228 (range, 60-441; SD, 133) pg/ml. In diabetic patients, baseline plasma norepinephrine levels averaged 119 (range, 13-388; SD, 106) pg/ml, and were significantly (P = 0.009, two-tailed test)
lower than those measured in nondiabetic subjects. Two diabetic patients had control norepinephrine levels below the lowest level measured in nondiabetic subjects. As expected, hemoglobin Al levels were significantly (P < 0.001) lower in nondiabetic than diabetic subjects. Average latencies between waves I and V of brain stem auditory-evoked potentials were significantly shorter (P = 0.001) in nondiabetic than diabetic subjects (Table II) . The I-V latency was not related significantly to the duration of diabetes or to the hemoglobin Al levels (P = 0.375 each). The average median nerve conduction velocity was significantly (P = 0.004) more rapid in nondiabetic than diabetic patients. Median nerve conduction velocity in diabetic patients was not related to the duration of diabetes (P = 0.191), but was related inversely to hemoglobin Al levels (P = 0.039). Average somatosensory-evoked potential interpeak latencies were comparable in diabetic and nondiabetic volunteers (P = 0.407, two-tailed test).
Responses to nitroprusside. Nitroprusside infusions caused significant reductions of systolic and diastolic arterial pressures in both groups. Average maximum doses of nitroprusside were similar in nondiabetic and diabetic subjects. Average maximum reductions ofdiastolic pressures were insignificantly less in nondiabetic than diabetic subjects (12±3 vs. 15±4 mmHg, P = 0.288, two-tailed test). Average R-R interval responses to nitroprusside are shown in Fig. 3 , left. Average maximum reductions of R-R intervals and R-R interval changes expressed as functions of diastolic pressure changes, were comparable in the two groups (P = 0.359 and P = 0.134, two-tailed tests).
In nondiabetic subjects, changes of plasma norepinephrine levels during nitroprusside infusions were complex (Fig. 4, left) . As the rate of nitroprusside infusion was increased to 1.6 and 3.2 ,ug/kg per min, plasma norepinephrine levels declined to 122±71 and 49±115 pg/ml above baseline levels. A reduction ofplasma norepinephrine concentration from the preceding level occurred with the highest rate of nitroprusside infusion in all but three subjects. Statistical comparisons of plasma norepinephrine levels during vasoactive drug infusions in nondiabetic subjects are given in Table III. In diabetic patients (Fig. 4, right) , average norepinephrine concentrations increased slightly, but insignificantly, during infusions of nitroprusside. The highest average plasma norepinephrine level was influenced importantly by increases of 191 and 195 pg/ml that occurred in two patients (Table II) . The maximum increase of plasma norepinephrine levels during nitroprusside infusions was significantly larger in nondiabetic than diabetic subjects (146±75 vs. 36±34 pg/ml, P = 0.012, twotailed test).
Responses to phenylephrine. Phenylephrine infusions caused significant increases of systolic and diastolic arterial pressures in both groups. The average maximum rate of infusion of phenylephrine given to nondiabetic subjects was significantly larger than that given to diabetic subjects (1.47±0.09 vs. 1.00±0. 17 .ug/kg per min, P = 0.030, two-tailed test), but changes ofdiastolic pressure were comparable (P = 0.105, two-tailed test).
Responses of one diabetic patient to phenylephrine (and nitroprusside) infusions are shown in Fig. 5 . In this patient, the baseline standard deviation of R-R interval was lower than 2 SD from the mean obtained in nondiabetic subjects; however, phenylephrine infusion (Fig. 5, right) provoked a substantial prolongation of R-R intervals and an increase of the standard deviation of R-R intervals. Average changes of R-R intervals during phenylephrine infusions for all subjects are shown in Fig.  3 , right. Maximum R-R interval prolongations, and R-R interval prolongations expressed as functions ofdiastolic pressure changes were significantly greater in nondiabetic than diabetic subjects (P = 0.006 and P = 0.001, two-tailed tests).
Average maximum reductions of plasma norepinephrine levels during phenylephrine infusions (Fig. 4) pg/ml, P = 0.007, two-tailed test). Norepinephrine levels under baseline conditions in diabetic patients were comparable to levels after maximum baroreflex suppression in nondiabetic subjects (P = 0. 140, two-tailed test). The average highest levels ofplasma norepinephrine during nitroprusside infusions, and lowest levels of plasma norepinephrine during phenylephrine infusions are shown with their corresponding diastolic pressures in Fig. 6 .
Discussion
We obtained indirect measurements of sympathetic and vagalcardiac nervous activity over a range of arterial pressures in healthy young adult volunteers and diabetic patients who had no clinical evidence for autonomic neuropathy. Baroreflex measurements were correlated with other measurements ofperipheral and central nervous system function and with the quality of diabetic control. Our observations may provide new insights into both physiologic and pathophysiologic mechanisms of autonomic cardiovascular regulation. Physiologic mechanisms. Antecubital vein plasma norepinephrine levels correlate significantly with resting levels of directly measured postganglionic muscle sympathetic nerve activity (25) , and during pharmacologic changes of arterial pressure (Eckberg, D. L., 0. K. Andersson, T. Hedner, J. M. Lundberg, R. F. Rea, and B. G. Wallin, unpublished observations). Therefore, our findings provide some quantitative estimate of how baroreceptor inputs (arterial and cardiopulmonary) determine sympathetic activity. The principal conclusions drawn from the responses of healthy nondiabetic subjects are that baroreflex modulation of sympathetic activity is complex and assymetric (Fig. 4, left) . . (4) -- (4) [23] ) between plasma norepinephrine levels at different doses during infusions of nitroprusside and phenylephrine, in nondiabetic subjects. Average plasma norepinephrine levels tended to decline as the phenylephrine infusion rate was increased (Fig. 4, left, closed circles) . This statistical analysis suggests that although the higher doses of phenylephrine (presumably associated with higher levels of baroreceptor stimulation) led to greater reductions of plasma norepinephrine levels than the initial, very low dose, the decrement of sympathetic activity at these higher doses was small.
First, we found that reductions of plasma norepinephrine levels during elevations ofarterial pressure are less than elevations ofplasma norepinephrine during reductions ofarterial pressure.
This suggests that sympathetic mechanisms are more important in opposing arterial pressure reductions than they are in preventing arterial pressure elevations. Second, the ability of sympathetic mechanisms to buffer reductions of arterial pressure is limited by the extent of increased sympathetic activity, and by the biphasic pattern of sympathetic responses. The highest norepinephrine levels we measured during arterial pressure reductions were considerably lower than those measured by others during other stresses, such as upright posture and treadmill exercise (26) . Moreover, although small reductions ofarterial pressure increase plasma norepinephrine levels, larger reductions of arterial pressure return plasma norepinephrine towards baseline levels.
The observation that reductions of sympathetic activity occur systematically in man as blood pressure falls from mild to moderate levels (Fig. 4, left) was consistent (it occurred in 9 of 12 nondiabetic subjects), is new, and is of uncertain significance. One interpretation is that as arterial pressure falls, other mechanisms (such as increases of afferent traffic from left ventricular receptors [27] ) are activated which oppose baroreflex adjustments. Hypotension, provoked by progressive hemorrhage (28), lower body negative pressure (29) , or nitroprusside infusion (30) in human volunteers may lead to sudden reversal of heart rate, from tachycardia to bradycardia, and sympathetic activity, from higher to lower levels. Alternatively, reductions of plasma norepinephrine levels during the highest rate of nitroprusside infusion may reflect acute resetting of baroreflexes (31), or it may be due merely to increased washout of norepinephrine secondary to increased forearm blood flow.
Systematic reductions ofplasma norepinephrine levels during infusions ofnitroprusside were not found by Lin, McNay, Shepherd, and Keeton (32) who studied a smaller population (n = 5) of patients with hypertension, and used different doses of nitroprusside than we used. However, the pattern of plasma norepinephrine changes we observed in human subjects is very similar to the pattern of renal sympathetic nerve changes observed by Dorward and co-workers (33) during hypotension in conscious rabbits. Pathophysiologic mechanisms. The baroreflex responses of the unselected young adult, insulin-dependent diabetic patients we studied provided compelling evidence for abnormalities of both sympathetic and vagal cardiovascular control. Baseline antecubital vein plasma norepinephrine levels were subnormal. In the diabetic patients we studied, who (with the possible exception of one man with impotence) did not have symptoms of autonomic dysfunction, low resting plasma norepinephrine levels signified profound disturbances of sympathetic control: with the exception of two patients, there was no credible evidence that sympathetic outflow was modulated by changes of arterial pressure.
Resting vagal-cardiac outflow, as reflected by average standard deviations of R-R intervals, also was subnormal in these diabetic patients; however, this abnormality was quantitative, rather than qualitative, since vagal-cardiac activity could be restored towards normal levels by elevations of arterial pressure. We suspect that although abnormalities of sympathetic and parasympathetic cardiovascular control may reflect a generalized neuropathy in diabetic patients (34; and this study), they may have substantially different pathophysiologic bases.
Sympathetic abnormalities. Subnormal baseline plasma norepinephrine levels have been found in diabetic patients previously, but usually in subsets of patients selected because they had other evidence for neuropathy (3, 5, 7, 35, 36) . For example, Christensen (7) found subnormal total plasma catecholamine levels at rest in a group of nine diabetic patients who had diminished vibratory sensation, but Cryer, Silverberg, Santiago, and Shah (37) found normal average norepinephrine levels in a large group of patients who were unselected. We cannot explain fully the disparity between Cryer's findings and our own. The average duration of diabetes was comparable in the two studies, but Cryer's patients tended to be older, heavier, and less likely to be taking insulin than ours. Also, Cryer drew samples for baseline norepinephrine determinations in the morning rather than at noon as we did.
However, we believe that internal evidence supports the trustworthiness of our data. The average norepinephrine level we obtained in nondiabetic subjects was virtually identical to average levels measured by others (including Cryer et al. [37] ) under similar circumstances (13) . Moreover, the depressed baseline norepinephrine levels we measured in diabetic patients were associated with other evidence for sympathetic dysfunction, including lack of baroreflex modulation of norepinephrine levels and supranormal pressor responses to phenylephrine. Our observation that patients with low average resting norepinephrine levels do not modulate their norepinephrine levels as blood pressure changes is new. However, this finding complements earlier observations of others which suggest that diabetic patients who have subnormal resting plasma norepinephrine levels also have subnormal responses to stresses that normally increase sympathetic outflow, including upright posture (7, 36) , exercise (3), and low levels of lower body negative pressure (6) .
We found additional evidence for sympathetic (and probably parasympathetic) neuropathy in the responses ofdiabetic patients to infusions of the alpha-adrenergic agonist, phenylephrine. In diabetic patients, arterial pressure rose to higher levels after significantly smaller doses of phenylephrine than in nondiabetic subjects. Hypersensitivity to infusions of catecholamines has been recorded before in diabetic patients (9, 38) , and is likely to be of multifactoral etiology.
First, hypersensitivity to pressors may be due to subnormal baroreflex buffering ofblood pressure elevations (Fig. 3) , resulting in less heart rate slowing per unit pressure elevation and near absence of withdrawal of sympathetic activity as arterial pressure rises (Fig. 4, right) . The absence of significant changes of plasma norepinephrine levels during infusions ofvasoactive drugs cannot be explained simply on the basis of absent baroreceptor sensing of pressure changes, however, because sinus node responses in these patients were substantial (Fig. 3, right) . Moreover, subnormal baroreceptor-cardiac reflex responses should be associated with heightened, not reduced, resting levels of plasma norepinephrine (39) .
Second, enhanced pressor responsiveness may be explained on the basis of supersensitivity to catecholamines associated with reduced numbers of postganglionic sympathetic nerves. Muscle sympathetic nerve activity can be recorded in a larger percentage of nondiabetic than diabetic subjects (8) , and diabetic patients may have axonal degeneration and loss of unmyelinated nerves (9) , and subnormal concentrations of catecholamines in peripheral arteries (38) . Third, enhanced pressor responsiveness to phenylephrine may be due partly to structural abnormalities of resistance vessels (40) , since responses to noncatechol vasoactive agents, such as angiotensin II (41) may be greater in diabetic than nondiabetic subjects.
Although the diabetic patients we studied did not have orthostatic hypotension, the abnormal pattern of measurements we found is qualitatively similar to that found by others (42, 43) in patients with primary orthostatic hypotension (that is, hypotension secondary to neuropathy of postganglionic sympathetic nerves). In patients with primary orthostatic hypotension, low resting norepinephrine levels and increased responsiveness 372 Eckberg et al. Parasympathetic abnormalities. Average resting vagal-cardiac activity, as reflected by standard deviations of R-R intervals (15, 16) , was subnormal in diabetic patients (Fig. 1, right) . Subnormal variability of R-R intervals (standard deviations [1 1, 12] , or peak-valley R-R intervals [2, 4] ) has been found in diabetic patients before, and has been considered to be due to vagal neuropathy (1). However, we found that average baseline standard deviations do not predict R-R interval changes during pressor infusions (Fig. 3) . This observation may be related to earlier findings of others which underscore the reversibility of vagalcardiac abnormalities: Bennett et al. found that diabetic patients who have subnormal R-R interval variability at rest may have large R-R interval variability during sleep ( 11) or face immersion (10) . Thus, these and our own findings are not consistent with simple anatomic destruction of vagal-cardiac nerves.
We cannot be certain why the diabetic patients we studied had subnormal levels of vagal-cardiac outflow at rest. However, we offer three possibilities: First, low baseline standard deviations of R-R intervals could be due to subnormal resting levels of stimulation of vagal-cardiac nuclei by baroreceptor input; our findings (Fig. 3, right) , and those of others (5, 9) show that R-R interval prolongations expressed as functions ofarterial pressure increases are subnormal in diabetic patients. Abnormal baroreceptor sensing could explain why vagal responses may be subnormal during increases of arterial baroreceptor input (5, 9, and this study) but normal during increases of trigeminal nerve input provoked by face immersion (10) .
Second, subnormal vagal outflow at rest in diabetic patients may be due to an abnormal central "setting" of the activity of vagal-cardiac motonuclei. This possibility is supported indirectly by the prolongation of average brainstem auditory-evoked potentials we found; although this finding cannot be related causally to vagal dysfunction, it documents the existence of abnormalities of central nervous system function in the diabetic patients we studied. The prolongation of average brainstem auditory-evoked potential latencies we measured is nearly identical to that found by Donald and co-workers (44) who studied a much larger group (n = 50) of diabetic patients. The possibility that subnormal resting vagal-cardiac outflow is due to a reversible, abnormal central setting is supported by the finding of Bennett et al. ( 11) that some diabetic patients with subnormal respiratory variations of heart rate at rest, may have striking increases of respiratory sinus arrhythmia during sleep.
A third potential mechanism, and one which is highly likely, is that resting and provoked levels of vagal-cardiac activity are subnormal because of dysfunction of vagal-cardiac fibers or diminution of their numbers. This possibility is supported inferentially by our documentation of abnormalities of function of other myelinated nerves in the patients we studied (subnormal median nerve conduction velocities and prolonged auditory evoked potential latencies). The possibility also is supported by the histologic study of Duchen, Anjorin, Watkins, and Mackay (45) , which shows that small myelinated vagal fibers (not necessarily cardiac) may be diseased or absent in diabetic patients.
In summary, we studied baroreceptor modulation of sympathetic and parasympathetic cardiovascular nervous outflow in young adult nondiabetic and diabetic volunteers. Sympathetic abnormalities found in diabetic patients included subnormal resting levels of plasma norepinephrine, virtual absence ofbaroreceptor modulation of norepinephrine concentrations, and exaggerated pressor responses to infused phenylephrine. This pattern of abnormalities is consistent with destruction of distal postganglionic sympathetic nerves. Vagal abnormalities included subnormal resting R-R interval variability and impaired baroreflex augmentation of R-R intervals. Parasympathetic abnormalities were partially reversible, and may be due to a combination of factors; however, they are unlikely to be due simply to anatomic destruction of efferent vagal-cardiac nerves. Our findings suggest that commonly used baseline measurements may not characterize autonomic function adequately in diabetic patients. Moreover, although our data were not obtained longitudinally, they cast considerable doubt on the dictum (34) that in diabetes, loss of vagal autonomic cardiovascular control precedes loss of sympathetic control.
